Calculation of thermodynamic properties such as vapor-liquid phase behavior with equations of state is largely and successfully employed in chemical engineering applications. However, in the proximities of the critical point, the different density-fluctuation scales inherent to critical phenomena introduce significant changes in these thermodynamic properties, with which the classical equations of state are not prepared to deal. Aiming at correcting this failure, we apply a renormalization-group methodology to the CPA equation of state in order to improve the thermodynamic description in the vicinity of critical points. We use this approach to compute vapor-liquid equilibrium of pure components and binary mixtures, as well as derivative properties such as speed of sound and heat capacity. Our results show that this methodology is able to provide an equation of state with the correct nonclassical behavior, thus bringing it in consonance with experimental observation of vaporliquid equilibrium and derivative properties in near-critical conditions.
The lack of accuracy of classical equations of state in describing thermodynamic proper-32 ties in near-critical conditions is evidenced by the fact that they predict a critical exponent of 33 all these cases no cubic equation of state was evaluated.
66
The present work aims at evaluating the impacts on modeling phase equilibrium and 67 derivative properties when applying the renormalization group theory with the CPA equation 68 of state, referred to as the CPA+RG approach for short. We studied several pure substances, 69 as well as different mixtures containing CO 2 or H 2 S, in conditions near-to and far away from 70 the critical point. In addition, we provide a parameter estimation procedure that improves 71 the methodology.
72
This article is divided as follows. First, we discuss briefly on the applied mean-field 73 theory (the CPA equation of state) and the renormalization-group methodology. This is 74 followed by details of the numerical procedures. Then, we present phase equilibrium results
75
of pure substances and binary mixtures, as well as results for derivative properties such as 76 heat capacity and speed of sound. Finally, we present some concluding remarks. x i
where P is the pressure, R is the ideal gas constant, ρ is the molar density, b is the mixture's 82 co-volume parameter, a is the mixture's energy parameter, T is the temperature, g(ρ) is 
and
In these equations,ā res is the residual molar Helmholtz free energy. The mixture param-
92
eters a and b are calculated using the van der Waals one-fluid mixing rule with the classical 93 combining rules, that is,
where k ij is a binary interaction parameter (here considered as zero for all examples). The 96 energy parameter of each component, a i , is calculated using a Soave-type temperature de-97 pendency,
where 
in which ∆ A i B j is the association strength, given by then used because we consider that they provide a good approximation for the short-ranged 126 repulsive interactions and for fluctuations smaller than a given cutoff length L.
127
As we are concerned only with the attractive part, in order to apply the renormalization 128 method we need to subtract the attractive potential already included in the mean-field 129 solution, considering it to be a bad approximation, since the mean-field theory cannot deal 130 accurately with long-wavelength fluctuations. This leads to the approximation
where f EoS is the Helmholtz free energy density calculated using the mean-field theory
132
(in this work, the CPA equation of state), and α is the interaction volume, in units of 133 energy × volume/mol 2 , given by
where u att is the attractive part of the potential. of parameter a, which here is considered as an approximation to the contribution of the 138 attractive part of the potential (divided by the volume) to the Helmholtz free energy density.
139
This leads to
The Helmholtz free energy corresponding to the zero-order solution (f 0 ) is given by 141 the mean-field-theory result subtracted by the approximated attractive term. Combining
142
Eqs. (2), (10) and (12), the zero-order solution for the Helmholtz free energy density is
The phase space cell approximation method consists in adding the effect of long-range 144 fluctuations through recursive steps, thus correcting the influence of the long-range inter-
145
actions on the Helmholtz free energy density of the mean-field solution. In this work, the 146 equation derived from the procedures described above and used to calculate these corrections
with df n (ρ) being the change in Helmholtz free energy density computed at iteration n, given
where be obtained from
where f s n and f l n are the modified Helmholtz free energy terms related to short-wavelength 155 and long-wavelength fluctuations, respectively. They are computed by
where w is the range of the attractive potential and ψ is the average gradient of the wavelet 158 chosen for renormalization, which does not depend on the interaction potential. 
The final Helmholtz free energy density is calculated as
The term −αρ 2 in Eq. (21) in the latter case. This is why we chose to apply Eqs. (10) and (21) instead.
171
Here we considered that five iterations are sufficient for the renormalization method to 172 converge (based on results to be presented on Section 5.1).
173
To apply the renormalization procedure to mixtures, two major modifications were made.
174
First, the isomorphic approximation [56] was used instead of the phase space cell approxi-175 mation. The main difference is that, in the former, the total density of the fluid is used to defining mixing rules for the renormalization parameters, which are
Other authors have used these approximations within the White and Zhang framework concluded that both present similar performances.
188
The substances analyzed here (either in pure form or as a mixture component) are n-189 butane, n-octane, methanol, ethanol, carbon dioxide (CO 2 ), and hydrogen sulfide (H 2 S).
190
These substances were chosen because of the different associative combinations that they 191 allow us to evaluate. n-Butane and CO 2 were considered as non-associative substances, attention. However, this is not the scope of this work.
201
The parameters for all substances are summarized in Table 1 . For all cases, the CR-1 
Numerical Procedures

212
After defining a grid of densities (and mole fractions, in the case of mixtures), the iteratively until no further change is observed to the free energy at every point (df n (ρ) ∼ = 0).
215
In the present work, we have observed that 5 iterations are sufficient to reach convergence 216 in a grid of 500 density points. are given in Appendices A and B.
224
As mentioned in the previous section, the total molar density of a mixture is considered 225 for calculating fluctuations (the isomorphism assumption) while mole fractions are used as 226 independent variables.
227
After analyzing and determining the parameters related to the renormalization method 228 for pure substances, phase equilibrium calculations for binary mixtures were carried out at a 229 number of different conditions (both subcritical and critical) using the isofugacity method. 
Parameter Estimation
231
Both parameters related to the renormalization, L and φ, were considered to be ad-232 justable. Therefore, they were obtained by fitting saturated-fluid densities and vapor pres-
233
sures to experimental data using a single objective function, given by
Properties were used in the temperature range from near-critical conditions up to the 235 critical point (T r = 0.98 to T r = 1.0 Table 3 : Renormalization method parameters estimated using the procedure described in Section 4. the critical region leads to a markedly distinct asymptotic approach to the critical point.
257
As conditions go farther away from the critical point, the differences between the CPA-EoS overestimates the values of all critical properties. 
Phase Equilibrium of Binary Mixtures
278
In our study of the phase behavior of binary systems, we evaluated mixtures comprising 279 three categories at both subcritical and critical conditions: 1) two non-associating compo-280 nents (CO 2 + n-butane); 2) one associating and one non-associating component (H 2 S +
281
CO 2 ); and 3) two associating components (H 2 S + methanol). As already mentioned, the 
Derivative Properties of a Pure Substance
295
To assess the impact of the renormalization method on derivative properties, we calcu- model-based curves closer to the experimental ones. There is a clear tendency of increasing 309 both heat capacities, which is observed mainly at the lower pressures. No considerable 310 changes were observed in the slope of the heat capacity curves. As expected, the change is 311 very small in conditions far away from the critical point.
312
Results of speed of sound at the compressed liquid region, presented in Fig. 12 , show 313 that the speed of sound decreases very slightly after applying the renormalization method.
314
At the experimental critical temperature, both isochoric and isobaric heat capacity pre- 
Conclusion
347
The applied renormalization-group methodology is capable of improving the modeling 
All derivatives can be approximated using the finite difference method, using five-point was applied, is specified in temperature, thus, applications in which the temperature is not 485 constant may be computationally cumbersome.
486
As an example, an algorithm to calculate Pxy envelopes for binary mixtures is as follows: where P is calculated using the cubic spline interpolation for a given density guess. The With these equations, using the pressure and Helmholtz surfaces after applying the 512 renormalization method, the fugacity coefficients can be readily calculated using bicubic 513 spline interpolations and finite-difference derivatives.
514
Appendix C Equations for Derivative Properties calculations
515
The equations used to calculate the second derivative properties were as follows 
